Microplitis demolitor polydnavirus (MdPDV
Introduction
Certain parasitic wasps in the families Ichneumonidae and Braconidae carry polydnaviruses, a family of viruses distinguished by polydisperse DNA genomes (Stoltz et al., 1984; Stoltz, 1990; Fleming, 1992) . Most of these wasps parasitize the larval stage of Lepidoptera and their associated polydnaviruses appear to share a common life cycle. Viral DNAs from at least one ichneumonid polydnavirus are integrated into the genome of male and female wasps and are likely to be transmitted vertically as a provirus (Fleming & Summers, 1991; Xu & Stoltz, 1991) . Whether viral DNAs are integrated in braconids is unknown, although genetic studies with Cotesia melanoscela are consistent with chromosomal inheritance (Stoltz, 1993) . The polydnaviruses of both braconids and ichneumonids replicate only in female wasps in a region of the ovary called the calyx. Virions are stored in the lumen of the oviducts with the resulting suspension of virus and protein called calyx fluid. When a female oviposits into a host insect, she injects a quantity of calyx fluid, material from her venom gland, and one or more * Author for correspondence. Fax +1 608 262 3322. e-mail mstrand@calshp, cals. wisc. edu eggs. Viral DNAs enter the nuclei of host ceils with transcription in the apparent absence of replication occurring over the period required for the wasp's progeny to complete development (Fleming, 1992; Stoltz, 1993; Strand & Pech, 1995) .
It is likely that vertical transmission maintains polydnaviruses in a parasitoid population, yet the virus a female injects into a host is also essential for survival of her progeny. In the absence of virus, the parasitoid egg is recognized as foreign and encapsulated by host blood cells (haemocytes), whereas in the presence of virus the parasitoid is not encapsulated (Edson et al., 1981 ; Guzo & Stoltz, 1987; Davies et al., 1987; Tanaka, 1987; Strand & Noda, 1991) . Insect haemocytes are subdivided into several morphotypes with granular cells (granulocytes) and plasmatocytes being the primary cell types mediating capsule formation in Lepidoptera (Rowley & Ratcliffe, 1981; Lackie, 1988; Strand & Pech, 1995) .
We previously determined that the polydnavirus of the braconid wasp MicropIitis demolitor (MdPDV) suppresses the encapsulation response of the lepidopteran host, PseudopIusia includens (Strand & Noda, 1991 ; Strand & Wong, 1991) . Plasmatocytes and granular cells exhibit several alterations after parasitism or injection of MdPDV, including changes in the number of cells in circulation and the inability of cells to adhere to foreign surfaces. Although virus-specific mRNAs are detectable 0001-2798 © 1995 SGM in several host tissues, haemocytes appear to be the primary site of infection by MdPDV (Strand et at., 1992) . Northern blot and in situ hybridization studies reveal that MdPDV infects all haemocyte morphotypes with similar size classes of mRNAs detected in plasmatocytes and granular cells (Strand, 1994) . Moreover, when infected with MdPDV in vitro, purified populations of granular cells and plasmatocytes exhibit alterations similar to those observed in vivo, suggesting that immunosuppression is due to direct infection by the virus. In this study, we report that MdPDV induces apoptosis of granular cells. Most granular cells apoptose 18-24 h post-infection (p.i.) both in vivo and in vitro, resulting in a significant reduction in the number of intact granular cells. These results provide insight into the cellular basis for immunosuppression of a host by a polydnavirus-carrying braconid.
Methods
Insects. P. includens larvae were reared and staged as described previously in 30 ml plastic cups with paper lids at 27_+ 1 °C and a 16L:8D photoperiod (Strand. 1990) . Moths were fed a 20% sucrose solution. M. demolitor were reared at 27_+1°C and a 16L:8D photoperiod as outlined by Strand & Wong (1991) . For in vivo experiments P. includens were 12 h-old fourth stadium or 24 h-old fifth stadium larvae when parasitized or injected with wasp components. For in vitro experiments, haemocytes were collected from 36-48 h-old fifth stadium larvae.
Calyx fluid collection and virus purification. Calyx fluid and venom were collected from wasps by established methods with quantities used in experiments expressed in wasp equivalents (Strand & Noda, 1991) . MdPDV was purified on sucrose gradients as described previously (Strand et al., 1992) . For experiments requiring inactivated virus, MdPDV was treated with trioxsalen (4,5,8-trimethylpsoralen) (Sigma) and exposed to UV light (Strand & Noda, 1991) .
Haemocyte collection and infection. For in vivo experiments, P. includens larvae were either parasitized or injected with 3 gl of saline containing 0.02 wasp equivalents of calyx fluid or MdPDV plus venom, the estimated physiological dose of these factors injected into hosts by M. demolitor (Strand et al., 1992 . At this concentration, 85-92 % of haemocytes contain transcriptionally active MdPDV by 6 h postparasitism or injection as monitored by in situ hybridization of the constitutively expressed MdPDV-specific cDNA MdPi572 (Strand, 1994) . As observed for several other polydnavirus-carrying braconids (Stoltz, 1993) , venom alone does not affect the host but its presence synergizes the effects of virus (Strand & Noda, 1991 ; Strand & Dover, 1991) . For injections, larvae were anaesthetized with CO 2 and injected through a proleg using a glass needle mounted on a micromanipulator. Haemocytes were then collected at various times by bleeding from a proleg, and placing the cells in Ex-cell 400 medium (JRH Scientific) supplemented with 10% fetal calf serum (Hyclone). Larvae injected with saline alone served as a control.
For in vitro experiments, haemocytes were collected from unparasitized P. includens larvae and were purified on Percoll cushions (Pech et al., 1994) . Briefly, larvae were surface sterilized with 70 % ethanol and bled from a cut proleg directly into ice-cold anticoagulant buffer (0.098 M-NaOH, 0-186 M-NaCI, 0.017 M-EDTA and 0-041 M-citric acid pH 4.5). After rinsing in Ex-cel1400 medium, haemocytes were pelleted by centrifugation at 250 g. Plasmatocytes and granular cells were then purified on 47 and 63 % Percoll cushions, respectively. Resulting granular cell and plasmatocyte populations were 99 % and 95 % pure as identified by established morphological criteria (Pech et al., 1994) . To inoculate cells in vitro, haemocytes were cultured (l x l0 s cells/well) in 70 gl of Ex-cell 400 medium containing 0.50 wasp equivalents of calyx fluid or 1.0 wasp equivalent of MdPDV plus venom. After a 4 h adsorption period the medium was removed, cells were rinsed gently with three volumes of fresh medium and then cultured in Ex-cell 400 medium plus 10 % fetal calf sermn. Approximately 95 % of granular cells and plasmatocytes are infected with MdPDV 6 h post-inoculation when incubated with this concentration of virus (Strand, 1994) . Cells inoculated with 1-0 wasp equivalent of venora, inactivated virus plus venom or mock-inoculated with saline served as controls.
Identification of apoptotic and necrotic cells. Apoptotic and necrotic cells were identified by the criteria of Cohen (1993) . Cells were stained at various times p.i. with the DNA-specific dye Hoechst 33342 (1 gg/ml) or rhodamine 123 (10 gg/ml) in medium. Rhodamine 123 results in punctate staining of cell cytoplasm containing intact mitochondria whereas necrotic cells remain unstained by this chromophore. Cells were stained for 30 min, rinsed three times with PBS and examined by fluorescence microscopy. Cell viability was monitored by dye exclusion using propidium iodide (20 lag/ml) (Pech et al., 1994) . One hundred cells from a randomly selected field of view were examined by fluorescence microscopy. Cells from at least three larvae or independent collections of cells were counted per time point. Haemocytes do not undergo mitosis under these culture conditions; thus, the number of cells per well remained constant or declined during the assay period.
Detection ofDNA fi'agmentation. Chromatin cleavage was studied by extracting DNA from 5 x 106 haemocytes either collected from P. inchtdens larvae injected with calyx fluid plus venom or infected in vitro. At 2, 12, and 24h p.i., cells were lysed in 0.7 ml of 20 mM-Tris-HCl pH 7.5, 4mM-EDTA and 0.4% Triton X-100. Nucleic acids were concentrated by precipitation at -80 °C in equal volumes of isopropanol and 130 mM-NaC1. Samples were resuspended in 10 mMTris-HC1 pH 7-4, 1 mM-EDTA then phenol-chloroform extracted and ethanol precipitated. Resuspended DNA was treated with RNase A (20 gg/ml) at 37 °C for 30 rain. DNA was electrophoresed on 1% agarose gels and visualized by ethidium bromide staining. DNA from haemocytes of larvae mock-injected with saline or cultured #~ vitro in the absence of virus served as controls.
DNA strand breaks diagnostic of apoptosis were measured on a percell basis by 3' end-labelling in situ with digoxigenin-I 1-dUTP/dATP using a commercially available kit (Oncor) (Gorczya et al., 1993) . Haemocytes were collected from parasitized or injected P. includens, placed into 96-well culture plates at a density of 0.5 2.0 x l04 cells/well and fixed on ice in 5 % formalin in PBS for 15 min. Cells were then dehydrated in graded ethanols, resuspended in PBS and incubated in 50 gg/ml proteinase K (Gibco) at 27 °C for 2.5 min. Pretreatment of cells with proteinase K for this period was essential since failure to do so greatly reduced the sensitivity of the hybridization signal. The 3' ends were labelled using terminal deoxynucleotidyl transferase (TdT) and digoxigenin-I I-dUTP and dATP at 37 °C for 1 h. Washed cells were incubated for I h at room temperature with fluorescein-conjugated anti-digoxigenin antibody. Cells were counterstained with 5 pg/ml propidium iodide and 50 pg/ml RNase A in PBS and examined by fluorescence microscopy using a Nikon Diaphot inverted microscope. Positive cells were stained green or yellow whereas negative cells were stained red. Controls included omission of TdT from the end-labelling reaction, omission of antibody and labelling of haemocytes from unparasitized larvae. Haemocytes inoculated in vitro with wasp factors were processed by the same methods.
R e s u l t s

Apoptosis of host haemocytes in vivo
H a e m o l y m p h f r o m u n p a r a s i t i z e d or saline-injected larvae c o n t a i n e d intact h a e m o c y t e s a n d virtually n o cellular debris (Fig. 1 a) . In contrast, h a e m o l y m p h f r o m larvae 24 h post-parasitism, 24 h p o s t -i n j e c t i o n with calyx fluid plus v e n o m or 24 h p o s t -i n j e c t i o n w i t h M d P D V plus v e n o m c o n t a i n e d a m i x t u r e o f intact h a e m o c y t e s , h a e m o c y t e s in the process o f blebbing, a n d n u m e r o u s m e m b r a n e -b o u n d bodies (Fig. 1 b, c) . S t a i n i n g o f cell nuclei w i t h H o e c h s t 33342 r e v e a l e d t h a t m a n y o f (f) 1 2 3 4 t- Fig. 1 . Apoptosis of haemocytes from P. includens larvae after parasitism by M. demolitor or injection of calyx fluid plus venom.
Haemocytes collected from (a) unparasitized larvae 24 h post-injection with saline, (b) parasitized larvae 24 h post-parasitism, and (c) larvae 24 h post-injection with 0.02 wasp equivalents of calyx fluid plus venom. Numerous membrane-bound bodies or haemocytes in the process of blebbing (arrows) are present in samples from parasitized larvae and hosts injected with calyx fluid plus venom. Nuclei of haemocytes from unparasitized larvae, visualized with the nuclear stain Hoechst 33342, are uncondensed (d), whereas nuclei from haemocytes of parasitized hosts (e) are highly condensed or fragmented (arrows). Bar marker in (a) represents 20 gm with parts (~e) at the same scale. Samples were collected from larvae parasitized or injected at 12 h of the fourth stadium. ) and (e) represent 20 ~tm. Samples were collected from larvae parasitized or injected at 12 h of the fourth stadium. Cells were collected at the intervals designated in (a) and placed into wells of a 96-well culture plate containing 70 gl of Ex-cell 400 medium. Cells were allowed to settle for 15 min followed by fixation and processing as described in the Methods, these haemocytes and membrane-bound bodies contained nuclei with greatly condensed chromatin that was often fragmented into small, dense spheres (Fig. 1 e) . Since DNA fragmentation is a characteristic biochemical marker of apoptosis (Cohen, 1993) , we further examined haemocyte DNA from larvae injected with calyx fluid plus venom by agarose gel electrophoresis. As presented in Fig. 1 (f) DNA isolated from cells 2 and 12 h postinjection was in a high molecular mass form, whereas DNA isolated at 24 h post-injection was fragmented into a diagnostic 200 bp ladder. DNA isolated from haemocytes of larvae 24 h post-injection with saline remained in a high molecular mass form (Fig. l f) . Neither blebbing nor DNA fragmentation of haemocytes was observed when larvae were injected with venom alone or inactivated virus plus venom (data not presented). T o q u a n t i f y D N A f r a g m e n t a t i o n o n a per-cell basis over time, h a e m o c y t e s f r o m parasitized, calyx fluid plus v e n o m -i n j e c t e d a n d saline-injected larvae were collected at regular intervals, end-labelled in situ a n d visualized using fluorescein-conjugated a n t i -d i g o x i g e n i n a n t i b o d y . Positively labelled cells were first detected at 12 h postp a r a s i t i s m or p o s t -i n j e c t i o n (Fig. 2) . T h e n u m b e r o f positive cells increased f r o m 1 8 4 8 h a n d t h e n g r a d u a l l y declined over the 7 d a y (144 h) period associated with d e v e l o p m e n t of M. demolitor. In contrast, few haemocytes f r o m saline-injected hosts were labelled at a n y time p o i n t (Fig. 2) . I n j e c t i o n of M d P D V plus v e n o m produced results similar to the injection of calyx fluid plus venom whereas injection of venom alone yielded similar results to injection of saline (data not presented). Since necrotic cells sometimes also undergo DNA fragmentation (Compton, 1992) , the viability of haemocytes over this time period was concurrently monitored by dye exclusion assay; necrotic cells typically being permeable to propidium iodide whereas apoptotic cells are not. At all sample times, propidium iodide stained fewer than 5% of intact haemocytes from parasitized, calyx fluid plus venom-injected, or salineinjected larvae. These staining properties, in combination with the morphological and DNA fragmentation patterns indicated that a large number of haemocytes undergo apoptosis in vivo within 24 h of parasitism or injection of calyx fluid/MdPDV.
M d P D V induces apoptosis of granular cells in vitro
The abundance of membrane-bound bodies in the haemolymph of hosts exposed to MdPDV suggested that apoptosis was associated with granular cells and/or plasmatocytes, since these morphotypes account for more than 92 % of the total haemocyte population of P. includens (Strand & Noda, 1991 ; Pech et al., 1994) . It was not possible, however, to confirm unambiguously which cell type(s) underwent this response owing to the severe alterations in the morphological characters which are normally used to identify morphotypes. Therefore, to address which morphotypes underwent apoptosis and whether MdPDV induced apoptosis directly, we conducted experiments with purified populations of haemocytes in vitro. Plasmatocytes and granular cells from unparasitized P. inch~dens were purified on Percoll cushions, placed into culture, and inoculated with calyx fluid or MdPDV plus venom.
Significant levels of apoptosis occurred only in granular cells (Fig. 3 a-c) . Small protrusions appeared on the surface of granular cells 12 h post-inoculation. Cell blebbing then intensified resulting in greater than 95 % of granular cells detaching from the plate's surface with the majority fragmenting into membrane-bound bodies by 30 h. During this blebbing process granular cells were stained by rhodamine 123 (Fig. 3d, e) , indicating the presence of functionally intact mitochondria, which is another characteristic of apoptosing cells. Staining with Hoechst 33342 further revealed that many granular cell nuclei contained condensed or fragmented nuclei by 24 h (data not presented). DNA fragmentation in virusinoculated haemocytes was also detectable by agarose gel electrophoresis, whereas DNA from mock-infected cells remained in a high molecular mass form (Fig. 3f) . Plasmatocytes changed from a fibroblastic to a rounded or spindle morphology when inoculated with calyx fluid or MdPDV plus venom (Fig. 4) , but almost no blebbing or DNA fragmentation was observed.
In situ labelling reactions with TdT supported these observations. The proportion of granular cells that was labelled increased sharply 18-24 h post-inoculation with either calyx fluid or MdPDV plus venom. In contrast, only a small proportion of cells was labelled when inoculated with venom or saline (Fig. 5 a) . Similarly, only 5.3 % (_+ 1.6 %) of granular cells were labelled 24 h postinoculation with psoralen-inactivated virus. Less than 7% of plasmatocytes were labelled at any time point under all of the same experimental conditions (Fig. 5 b) . Since nearly all granular cells and plasmatocytes contain transcriptionally active MdPDV when inoculated in vitro with the dosages used in this study (Strand, 1994) , these results suggest that: (i) only granular cells undergo apoptosis in response to infection by polydnavirus and (ii) apoptosis of granular cells occurs in both the presence or absence of other haemocyte morphotypes. 
Discussion
In this study, we examined apoptosis as a potential contributor to disruption of the host cellular immune response by a polydnavirus. Our initial goal was to explain observations made previously that membranebound bodies and cellular debris accumulate in the haemolymph of P. includens 18-48 h post-parasitism or post-injection of MdPDV (Strand & Noda, 1991 ; Strand, 1994 ). Our results demonstrate that MdPDV induces apoptosis of granular cells, the most abundant haemocyte morphotype in most Lepidoptera and a key cell type mediating encapsulation. Virus-induced apoptosis began in vivo and in vitro approximately 12 h p.i. and continued through to 48 h p.i. The requirement for infectious virus was also reinforced by the results with psoraleninactivated MdPDV. At this time we do not know which viral protein(s) is involved in the induction of apoptosis although a key future goal is to characterize the role of specific MdPDV proteins in this event. To our knowledge this is the first documentation of virus-induced apoptosis associated with the immune system of an invertebrate. Moreover, these results elucidate a novel mechanism that is likely to contribute to immune dysfunction of a host after parasitism by a polydnavirus-carrying wasp.
In the absence of MdPDV, P. includens larvae encapsulate M. demolitor eggs in 24-36 h (Strand & Noda, 1991) . Thus, the combination of virus-induced apoptosis of granular cells and suppression of spreading by plasmatocytes occurs rapidly enough to assure survival of the developing wasp progeny. All haemocyte morphotypes of P. includens are infected by MdPDV, with viral transcription detectable in both granular cells and plasmatocytes (Strand et al., 1992; Strand, 1994) . Since MdPDV induces apoptosis of only granular cells when these morphotypes are purified and infected in vitro, we conclude that apoptosis does not depend on the presence of other haemocyte types. The failure of MdPDV to induce a similar response in plasmatocytes, however, also suggests that currently undefined differences between haemocytes play a role in whether or not apoptosis occurs after infection by MdPDV. A second unresolved issue is the transient nature of apoptosis in vivo, with granular ceils undergoing a high level of apoptosis approximately 24 h post-parasitism or postinjection followed by a progressive decline in the proportion of apoptosing cells. Previous studies indicate that after injection of MdPDV into P. includens: (i) granular cells remain in circulation for 7 days and (ii) the proportion of granular cells that contain transcriptionally active MdPDV declines with a concurrent increase in the proportion of cells that adhere and spread normally on foreign surfaces (Strand & Noda, 1991; Strand, 1994) . Similar trends are also observed in parasitized hosts, although the total number of haemocytes in circulation is greatly reduced. This is presumably due to the M. demolitor larva being a haemolymph feeder and removing substantial numbers of haemocytes from circulation. Little is known about the ontogeny or turnover of haemocytes in insects (Strand & Pech, 1994) . However, our results collectively suggest that even though most granular cells in circulation are eliminated via apoptosis in the early stages of parasitism, new granular cells continue to be introduced. Possible sources of replacement ceils include haemopoietic tissues or maturation of another cell type into granular cells (Lackie, 1988) . Since MdPDV does not appear to replicate in P. includens (Strand et al., 1992) , we also suggest that even though the majority of haemocytes in circulation at the time of parasitism are infected by MdPDV, many putative replacement cells are not infected owing to the absence of free virus 24-36 h post-parasitism (Strand, 1994) .
Apoptosis is involved in the pathogenesis of several viral diseases of vertebrates including those caused by influenza A and B viruses (Hinshaw et al., 1994) , chicken anaemia virus (Jeurissen et al., 1992; Noteborn et al., 1994) , feline leukaemia virus (Rojko et al., 1992) and human immunodeficiency virus type ! (Gougeon & Montagnier, 1993) . Although fewer comparative data are available on viral pathogenesis in invertebrates, several studies do indicate that certain insect cells undergo apoptosis after infection by baculoviruses. Virus-induced apoptosis in insects has thus far been confirmed only in vitro using certain lepidopteran cell lines infected with baculovirus mutants deficient in the apoptosis-suppressing gene p35 (Clem et al., 1991; Hershberger et al., 1992; Kamita et al., 1993) . Circumstantial evidence suggests that the suppression of apoptosis is important for infectivity of baculoviruses in vivo , although specifically which host cells or tissues are prevented from undergoing apoptosis remains uncharacterized. To date, little is known about the molecular mechanisms regulating apoptosis in infected host cells in either vertebrates or invertebrates. In the case of the Autographa californica nuclear polyhedrosis virus (AcMNPV), apoptosis of Sf21 cells is suppressed by early synthesis (0-5 h p.i.) of p35 (Crook et al., 1993 ; Hershberger et al., 1994) . On the basis of a series of experiments using p35 virus and inhibitors of DNA synthesis, Clem & Miller (1994) suggests viral induction of apoptosis in Sf21 cells is triggered in the late phase of infection, possibly as a result of altered host transcription or viral DNA synthesis. Alternatively, Hershberger et al. (1994) suggest that apoptosis could be induced directly by early AcMNPV trans-activators or indirectly by metabolic alterations associated with viral biosynthetic processes. Just as MdPDV induces apoptosis of only certain types of haemocytes, AcMNPV p35 null mutants induce apoptosis in some, but not all, cell lines permissive for AcMNPV replication (Clem et al., 1991; Hershberger et al., 1992; P. D. Friesen, personal communication) .
Although the benefits to M. demolitor of eliminating haemocytes that mediate the host encapsulation response are clear, a key question is whether the effects of MdPDV on haemocytes are unique to this polydnavirus or represent a more general antiviral response. Martz & Howell (1989) proposed that apoptosis could be important in antiviral defence, comprising viral replication by prematurely eliminating the host cell. Studies with mammals indicate that viruses may induce apoptosis of an infected cell directly or infected cells may be recognized and induced to undergo apoptosis by killer cells such as cytotoxic T lymphocytes (Gougeon & Montagnier, 1993; Vaux, 1993) . As a possible counteradaptation, several mammalian viruses carry apoptosissuppressing genes which prevent premature cell death (Gregory et al., 1991 ; Henderson et al., 1993) or encode homologues of cytokine receptors, possibly disrupting recognition and elimination of virus-infected cells (Upton et al., 1992) .
Much less is known about antiviral responses in insects (Strand & Pech, 1994 ), yet the presence of apoptosis-suppressor genes like p35 or lap (Clem et al., 1991 ; Crook et al., 1993) in baculoviruses, coupled with our observation that MdPDV induces apoptosis in a recognizable subclass of immune cells in vivo suggests a role for programmed cell death in insect immunity that has been exploited by polydnavirus-carrying parasitoids. The effects of p35 in enhancing viral replication in Sf21 cells (Lerch & Friesen, 1993) or infectivity in Spodoptera frugiperda larvae circumstantially support the general hypothesis that some insect viruses promote their own survival by suppressing apoptosis of host cells (Gregory et al., 1991 ; Clem et al., 1991 ; Rao et al., 1992; Levine et al., 1993; Henderson et al., 1993) . In contrast, because polydnaviruses are likely to be transmitted vertically, MdPDV promotes its own survival by inducing apoptosis of host immune cells that would otherwise kill the developing M. demoIitor egg. Although this is the first experimental evidence of polydnavirusinduced apoptosis, blebbing and cellular debris has also been observed in the haemolymph of hosts after parasitism by other wasps (Guzo & Stoltz, 1987; Davies et al., 1987; Rizki & Rizki, 1990) . Future comparative studies will determine whether this is also due to apoptosis and clarify the role these events play in suppression of the host immune response by parasitoids.
